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Abstract 


Between 1992 and 1998, 313 seawater samples were collected in the surface microlayer, the surface water and the deep 
water of the Baltic Sea. Fifteen individual parent polycyclic aromatic hydrocarbons (PAHs) were analyzed at 41 different coastal 
and offshore stations. The study has provided the most comprehensive information available to date about PAHs in different 
water bodies of the Baltic Sea. In general, the levels of the PAHs in Baltic Sea water were below 20,000 pg/l for the sum of 15 
PAHs. Higher concentrations were found in estuarine samples. One local source in the southern Baltic Sea is the River Oder. 
Hot spots were observed mainly in the western Baltic Sea. In particular, high concentrations of the two- and three-ring PAHs 
were detected. Phenanthrene, fluoranthene and pyrene were the major components in surface water of the Baltic Sea. PAH 
composition profiles were compared to establish whether different water bodies of the Baltic have characteristic PAH patterns 
originating from characteristic inputs. Cluster analysis was used as pattern recognition technique. Four characteristic water 
bodies can be identified in the surface water in February (Mecklenburg Bight (MB), Pomeranian Bight (PB), the eastern 
(EZOS) and western central Baltic Sea (WZOS)). After the spring algae bloom, these patterns disappeared. This may be due to 
the cleaning of the water column after the bloom by large quantities of settling particulate matter that takes the PAHs with it to 
the sediment. A seasonal variation of the PAH concentrations was observed with the largest amounts in February followed by 
November, reflecting the increase of PAH sources during winter. 
© 2002 Published by Elsevier Science B.V. 


Keywords: Polycyclic aromatic hydrocarbons; PAHs; Baltic Sea; Water; Temporal and spatial variability 


1. Introduction 


The Baltic Sea is a relatively shallow brackish sea 
that is connected with the global ocean by only shallow 
and narrow links—the Sound (Oresund) and the Belts. 
These narrow, shallow transition areas greatly restrict 
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the water exchange with the North Sea, giving the 
water in the Baltic Sea a residence time of 25—35 years. 
The water body of the central Baltic is permanently 
stratified, consisting of an upper layer of brackish water 
with salinities of 6—8 and a more saline deepwater layer 
of 10-14. A strong pycnocline between 60 and 80 m 
depths prevents vertical circulation to a great extent 
and, consequently, ventilation down to the bottom all 
year-round. It has been estimated (Bergström and 
Matthäus, 1996) that the Baltic Sea has an annual 
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freshwater surplus of 476 kmî, i.e. 436 km? river 
runoff, 224 km? precipitation and 184 km? evaporation. 
The annual inflow into the Baltic Sea is calculated to be 
471 km’. This results in an overall outflow of 947 km?/ 
year. 

As a result of the limited water exchange, the 
Baltic Sea has become a sink for a large portion of 
the persistent organic pollutants that have entered it 
over the years. River-borne and atmospheric inputs of 
contaminants have been particularly significant since 
over 80 million people live in the highly industrialized 
and agricultural used drainage area of the Baltic. 

The interest in hydrophobic organic contaminants 
has increased rapidly during the last decades. Much 
attention has been paid to the polycyclic aromatic 
hydrocarbons (PAHs) due to their toxic, carcinogenic 
and mutagenic potential. Due to their high octanol-— 
water (Kow) and organic carbon adsorption (Koc) 
partition coefficients (Neff, 1979), PAHs have both 
the tendency to adsorb to sediments and to bioaccu- 
mulate in aquatic organisms such as crustaceans and 
bivalve mollusks, many of which have an inefficient 
mixed-functional moni-oxidase (MFO) detoxification 
mechanism (Varanasi, 1989). It is known that the PAH 
exposure of many benthic organisms is effected via 
the interstitial water (Roesijadi et al., 1978; Black et 
al., 1989; Eadie et al., 1982) and that pelagic marine 
organisms are often exposed directly from the water 
(Southworth, 1979). It is therefore important to inves- 
tigate the contamination of seawater with PAHs. 

The very heterogeneous group of PAHs originates 
primarily from combustion of organic material, espe- 
cially fossil fuels and their products (Neff, 1979). 
Important sources also include industrial processes. 
Another source of PAHs is the discharge of petroleum 
and its products. The environmental contamination 
from this source is, in the case of the marine environ- 
ment, often of local character (oil spillages). It is 
necessary to note the importance of inputs via rivers, 
discharges of municipal wastewater and atmospheric 
deposition of combustion-derived PAHs into the Bal- 
tic Sea. Shipping and offshore activities must be 
regarded as a minor source. 

Although the PAH content in Baltic Sea water has 
been determined previously, systematic spatial and 
temporal studies have not been performed as for other 
groups of persistent organic hydrocarbons (Poutanen 
et al., 1981; Law and Andrulewicz, 1983; Lamp- 


arczyk et al., 1988; Kiroso et al., 1990; Veldre and 
Bogovski, 1993; Naef et al., 1994; Witt, 1995a; Andru- 
lewicz et al., 1996; Theobald et al., 1998; Pettersen et 
al., 1999; Witt and Trost, 1999). The studies presented 
aimed at gaining advanced knowledge regarding 
trends, as well as seasonal and spatial patterns of PAHs 
in Baltic Sea water. 


2. Sampling and analytical procedure 


Three hundred thirteen unfiltered water samples 
were collected between 1992 and 1998 during differ- 
ent seasons. The cruises were carried out by the Baltic 
Sea Research Institute Warnemiinde and comprised 
locations both in the shallow western Baltic and the 
central basins (Fig. la and b). The concentration of 
PAHs was investigated at 41 stations in the surface 
microlayer, as well as in surface and deep waters 
(below the pycnocline). Details of the different cruises 
are given in Table 1. 

The procedure used for extraction and isolation of 
PAHs was described previously (Witt, 1995a). It is 
briefly summarized below. The water samples for PAH 
analysis were collected with 22 | spherical glass sam- 
plers. The extraction of the samples (including both the 
suspended particulate matter and the dissolved phase) 
was performed with 500 ml n-hexane directly in the 
sampler. The extraction efficiency of particle bound 
PAHs by this extraction method is high. A comparison 
between the liquid—liquid extraction and the in situ 
pump technique (separate determination of PAHs in the 
water and particle phase) was carried out to prove the 
efficiency of the liquid—liquid extraction during a 
cruise in February 1993. These investigations have 
led to very similar results. The differences between 
both methods were lower than 15% for all PAHs. 

The surface microlayer samples were taken on 
board of a rubber dinghy using a stainless steel Garrett 
screen (Garrett, 1965). The screen surface was 0.5 m°, 
the mesh width 1 mm. The total quantity sampled was 
2 1. The extraction was carried out with 100 ml n- 
hexane. After separation of the extract and subsequent 
concentration to about 200 ul, normal phase HPLC 
was used to isolate the PAH fraction (MERCK, 
LiChrospher Si 100-5). Analytical HPLC was carried 
out with a system from Thermo Separation Products 
using programmable fluorescence detection (JASCO). 
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Fig. 1. Sea areas in the Baltic Sea (a) and in the Western Baltic Sea (b) with location of stations and borders of the different discussed water bodies. 
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Table 1 

Cruises between 1992 and 1998 with number of samples 

Year Number of samples February May August November 
Microlayer Surface water Deep water 

1992 23 17 x x 

1993 16 9 x 

1994 15 50 10 x x x x 

1995 22 7 x 

1996 31 14 x x 

1997 26 T x x 

1998 58 8 x x x x 


Fifteen of the sixteen individual PAHs given in the 
US-EPA norm were quantified, only acenaphthylene 
could not be detected because this compound is not 
fluorescent. The quantification of the PAHs was 
performed using external standard calibration. The 
detection limit was about 0.01 ng/l. The analytical 
procedure has been previously described in detail by 
Witt (1995a). 

Because certified reference materials of PAHs in 
seawater are currently not available, recovery studies 
were carried out in the sampler using 22 | of MilliQ 
water spiked with external and internal standard 
solutions. Additionally, a suspended mixture of a 
certified reference material for PAHs in marine sedi- 
ments (PROMOCHEM, SRM 1941 A) was given into 
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the water sample to prove the extraction efficiency of 
our extraction method for the particulate matter in the 
water sample. Recovery studies verify a high extrac- 
tion efficiency of the particle-bound PAHs in the 
water sample (>80%). The recovery rates of the 
whole analytical procedure range between 69% and 
92%. Blank procedures were systematically carried 
out and showed no detectable interferences. The 
analytical conditions and recovery studies have been 
already published in detail (Witt, 1995a,b). Since a 
separation between the dissolved and particulate 
phase was not possible with the sampling method, 
some key parameters were used to interpret the PAH 
data. Particulate and dissolved organic carbon (POC 
and DOC) as well as the suspended particulate matter 
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Fig. 2. Mean concentrations and standard deviations (all samples at selected station) of the sum of all 15 PAHs and the suspended particulate 
matter (SPM) in the surface water of different sea areas (number of stations from west to east). 
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(SPM) were measured during the same cruises at the 
same stations (Nehring et al., 1994, 1995, 1996; 
Matthäus et al., 1997, 1998, 1999; Pohl and Hen- 
nings, unpublished data). 


3. Results 


3.1. Regional composition and concentration of SPM, 
organic matter and PAHs in Baltic Sea water 


Mean concentration of suspended particulate mat- 
ter (SPM) in the surface water ranged between 0.15 
and 0.9 mg/l. SPM load shows a spatial variability 
with highest values in the western Baltic Sea. A 
concentration gradient from west (Belt Sea) to east 
(Central Baltic Sea) and north (Bothnian Bay) was 
observed (Fig. 2). The highest concentrations (up to 
20 mg/l) were measured in the Pomeranian Bight 
(PB). It is attributable to the land-derived inputs of 
the Oder River. The Oder River transports a large 
amount of domestic and industrial wastewater, includ- 
ing PAHs, into the southern Baltic Sea. The annual 
solid discharge of the Oder is estimated to be 425,000 
t/year (Witt and Trost, 1999). In general, the POC 


concentration was well correlated with the SPM con- 
centration (correlation coefficient: 0.85) with highest 
levels (up to 236 pmol/l C) in the Pomeranian Bight 
and lowest concentrations in the central Baltic Sea 
(<50 pmol/l C). 

The PAH concentrations in surface water differed 
markedly in the different parts of the Baltic Sea. PAH 
loads in the Mecklenburg Bight and Arkona Basin are 
generally higher than in the central Baltic Sea. In 
correlation to the SPM load, a concentration gradient 
from west (Mecklenburg Bight) to east (central Baltic) 
and north (Bothnian Bay) was measured. The values 
in the Mecklenburg Bight (6500 + 400 pg/l) and 
Arkona Sea (6900 + 1100 pg/l) were on average two 
times higher than the concentrations measured in the 
central Baltic Sea (3700 + 500 pg/1) (Table 2, Fig. 2). 
Lower concentrations were found in the Gulf of 
Bothnia (2800 + 03 pg/l). In the Gulf of Bothnia, 
the atmospheric deposition might be the major input 
route, whereas the central Baltic Sea and western 
Baltic Sea also receive inputs from large river outflow. 
These rivers mostly drain highly industrialized areas. 
The lower concentrations in the central Baltic Sea 
compared to the western part of the Baltic Sea could 
be due to the larger water body which are likely to 


Table 2 
Mean concentrations of PAHs (sum of 15 PAHs) in the water of the Baltic Sea 

Abbreviation n February May August November 
Sea surface microlayer (ng/l) 
Mecklenburg Bight MB 5 53.3 
Pomeranian Bight PB 
Arkona Sea AS 5 44.8 
Baltic Proper ZOS 4 23.1 
Gulf of Bothnia BMB 3 5.6 
Gulf of Finland FMB 3 4.5 
Surface water (ng/l) 
Mecklenburg Bight MB 38 6.4 4.3 2.6 8.1 
Pomeranian Bight PB 19 77 75 2.3 7.7 
Arkona Sea AS 36 7.0 4.9 2.0 7.4 
Baltic Proper ZOS 57 4.4 2.6 1.8 4.7 
Gulf of Bothnia BMB 10 3.0 4.4 
Gulf of Finland FMB 6 2.7 2.9 
Deep water (ng/l) 
Baltic Proper ZOS 49 23 3.3 1.8 1.9 
Gulf of Bothnia BMB 9 3.1 2.6 
Gulf of Finland FMB 6 3.4 2.1 
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dilute the PAH inputs. According to the partition 
coefficient, the partition of PAHs between the partic- 
ulate and dissolved phase should be in favour of the 
particulate phase (Bouloubassi and Saliot, 1993). 
Therefore, the lower PAH values can be attributable 
to the lower SPM and POC values in these regions. 
Readman and Mantoura (1984) showed that PAHs 
with MW>200 mostly occur in the particulate phase. 
However, studies from the Baltic Sea (Broman and 
Naf, 1991) showed that this limit seems to be at a 
higher molecular weight. Fluoranthene, pyrene, ben- 
z0( g,h,i)perylene, chrysene and benzo(‘)fluoranthene 
showed a particle association lower than 50% (fluo- 
ranthene 13% and pyrene 20%), whereas benzo(a)- 
)pyrene (88%) and indeno(1,2,3-c,d)pyrene (87%) 
showed the highest particle affinity. The correlation 
coefficients between the SPM and the individual PAH 
concentrations of these studies seem to verify these 
results. They were lower than 0.5 except for benzo(a)- 
pyrene (0.61) and benzo(g,h,i)perylene (0.71). The 
results gave some indications for the importance of 
the dissolved phase in regard to the pollution of the 
Baltic Sea water. The investigations of Bouloubassi 
and Saliot (1993) in the Rhone delta have clarified 
that the total amount of PAHs (particulate and dis- 
solved phase) depends not only on the partition 
coefficient but also on the suspended matter load. 
Despite the high values of the partition coefficient, the 
percentage of the absorbed fraction was low. For a 
further discussion of the role of the dissolved phase of 
the Baltic Sea water, it is therefore necessary to study 
the dissolved and particulate phase separately. 

In contrast to the surface water, no markedly 
regional (Table 2) or seasonal variations were found 
in the deep water due to the strong permanent vertical 
stratification and restricted horizontal circulation of 
the Baltic Sea water. Variations in the deepwater 
conditions are only influenced by inflows of water 
from the North Sea. However, frequent inflows of 
small volumes are usually unable to displace the deep 
water or to change the conditions in the central basins 
significantly. This can only be done by so-called 
saltwater inflows transporting large volumes of highly 
saline (= 17) and oxygenated water into the Baltic 
(Matthäus and Franck, 1992; Schinke and Matthäus, 
1998). Saltwater inflows into the Baltic are very rare 
events. Only during the last major saltwater inflows in 
1993 and 1994 were elevated concentrations of PAHs 


observed in the deep water of the Bornholm and 
Gotland Sea simultaneously with the renewal of the 
bottom water. The PAH distribution in the deep water 
was already discussed in more detail by Witt and 
Matthäus (2001). 

Additional surface microlayer samples were col- 
lected in May 1993. A strong enrichment of PAHs in 
the microlayer compared to the sub-surficial water 
was observed by a factor of 10 in the western Baltic 
Sea and at least by a factor of 2 in the Gulf of Bothnia 
and Finland (Table 2). A maximum of 78,000 pg/l 
(sum of 15 PAHs) was measured in the Pomeranian 
Bight. 


3.2. Seasonal variability and distribution patterns of 
PAHs in surface water 


Additionally, a seasonal signal was observed in the 
surface water of the Baltic (Fig. 3). The highest PAH 
concentrations were measured in late autumn and 
winter. This probably reflects the higher input of 
combustion-derived PAHs during that period, includ- 
ing both domestic and industrial processes. 

The lowest PAH levels were observed in summer. 
One important reason for the decreasing concentra- 
tions from February to August could be that the water 
is comparatively rich in nutrients. This leads to a 
plentiful phytoplankton production during springtime 
and results in an enhanced vertical transport of dead 
planktonic algae. The large quantity of settling partic- 
ulate matter takes the sparingly soluble PAHs with it 
to the seafloor. That means the water column itself is 
cleansed relatively quickly of its pollutant contents. 
Several authors have discussed that vertical transport 
of particle-associated pollutants may be enhanced by 
eutrophication since higher primary production leads 
to larger vertical fluxes of particles (Millard et al., 
1993; Buesseler, 1998; Wong et al., 1995). The 
cyanobacteria bloom in summer reinforces this effect. 
Furthermore, the increased biomass can cause a par- 
ticle dilution. For example, lower PCB concentrations 
have been observed for phytoplankton (Taylor et al., 
1991) and zooplankton (Gunnarsson et al., 1995) due 
to such a dilution effect. 

The growing biomass results not only in an adsorp- 
tion of PAHs on freshly produced particles but also in a 
higher biodegradation rate. Persistent organic pollu- 
tants like PAHs have a shorter lifetime in eutrophic than 
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Fig. 3. Seasonal variability of fluoranthene (most abundant PAH) and SPM in the surface water of different sea areas of the Baltic Sea (mean 
concentrations and standard deviations of all samples). 
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in oligotrophic environments because metabolic break- 
down of PAHs in organisms is much more efficient than 
abiotic degradation (Varanasi, 1989). Furthermore, an 
accelerated degradation should be occurring in summer 
due to the higher water temperature that also affect the 
rate by which PAHs are degraded by microorganisms 
or due to the higher photooxidation (Sherrill and 
Sayler, 1980; Lee and Ryan, 1983). This particularly 
concerns the lower molecular compounds (MW < 228) 
with higher biodegradability. 

In November, during the period of low primary 
production and reduced nutrient concentrations, PAH 
concentrations increased again. This increase corre- 
lates with the beginning of the heating period, which 
is characterized by increased use of fossil fuels for 
heating. Bouloubassi and Saliot (1993) have also 
observed a higher PAH flux in the dissolved and 
particulate phase in the deltaic area of the Rhone river 
during winter because of a confirmation with the more 
intensive industrial and/or human activities during this 
period. 

However, the seasonal variation of the suspended 
matter load could not be correlated to the correspond- 
ing PAH concentration in winter (Fig. 3). For example, 
PAH concentration in February is higher than a factor 
of 2 compared to the summer situation, whereas the 
SPM load is lower by a factor of 2 to 3. Even in the 
Pomeranian Bight near the river mouth of the Oder, the 
increase of PAH level corresponds with a low SPM 
load. Investigations of the freshly sedimented fluffy 
layer material that is responsible for a major part of the 
lateral transport of the PAHs from the river mouth to 
the deeper basins of the Baltic Sea have shown that the 
seasonal variations are mainly related to the SPM 
nature and PAH load of the particles (Löffler et al., 
2000; Witt et al., 2001). In winter, highly PAH- 
enriched particles of pyrolytic origin were found along 
the pathway from the Pomeranian Bight to the Arkona 
Basin. In spring, the freshly produced particulate 
organic material (POC>100 pmol/l) dilutes the PAH 
signal. 

Comparing the distribution patterns (mean values) 
of PAHs in surface water of the different sea areas, 
phenanthrene, fluoranthene and pyrene were the dom- 
inant compounds during February. Of these, fluoran- 
thene was the most dominant PAH. A clear dominance 
of these components was also observed in air samples 
at the German coast of the Baltic Sea (Zingst) during 


winter (McLachlan et al., 1998). The highest concen- 
trations were measured in the Pomeranian Bight. 
These higher levels are attributed to the influence of 
the discharge of the Oder that is a major source of 
riverine PAH inputs in this part of the Baltic Sea (Witt 
et al., 2001). 

In August, the distribution patterns changed. The 
patterns were now characterized by a marked predom- 
inance of phenanthrene. The dominance of phenan- 
threne might be caused by its physical chemical 
behavior. Lee and Ryan (1983) have shown that 
increased water temperature and solar radiation cause 
a higher microbial degradation and photooxidation rate 
in summer. Readman and Mantoura (1984) have sug- 
gested that only the lower molecular weight PAHs 
(MW < 200) are particularly susceptible to degradation 
processes. Compared to naphthalene (MW = 128), phe- 
nanthrene (MW = 178) clearly has a lower degradation 
rate (Varanasi, 1989), the lower concentration of naph- 
thalene compared to phenanthrene should be caused by 
the higher degradation rate. Compared to fluoranthene 
and pyrene (MW=202), the water solubility of phe- 
nanthrene is higher (May et al., 1978). If a disequili- 
brium between dissolved and particulate phase exists, 
PAHs can desorb from the particles into the dissolved 
phase. The impact of this process will be more pro- 
nounced for phenanthrene than for fluoranthene and 
pyrene (Whitehouse, 1984). The PAH fraction that is 
associated with particulate matter might be removed 
from the water column after the spring bloom, as 
explained above. This hypothesis is supported by the 
low SPM load of the water phase during August. 


3.3. Cluster analysis 


Changes in composition of the PAH mixture 
mainly occur due to variations in sources. The ques- 
tion was whether different water bodies of the Baltic 
Sea have characteristic PAH profiles. To answer this 
question, a simple cluster analysis was used in order 
to clarify the pattern of PAH distribution (Backhaus et 
al., 1995). This statistical method assumes that objects 
(entities) characterized by similar properties belong to 
the same groups (Cluster). The program used (Data 
desk 5.0) operates with a hierarchical cluster techni- 
que. The Euclidean distance was selected as the 
measure of distance. Complete linkage clustering 
was used to minimize the maximum intercluster dis- 
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tance at each stage in order to find smaller, compact 
clusters and build them up in parallel. To cluster the 
stations, 15 different PAHs were taken into consid- 
eration. A concentration normalization was carried out 
to the sum of PAHs in order to avoid the cluster 
classification that is influenced by concentration dif- 
ferences of the individual PAHs. 

Fig. 4 presents the dendrograms of the cluster 
analyses of February 1997. In February, four main 
clusters appear to exist that are associated with four 
different water bodies of the Baltic: the Mecklenburg 
Bight, the Pomeranian Bight, the western (WZOS) 
and eastern part of the central Baltic Sea (EZOS) (Fig. 
5). The region of the Arkona Basin is unsorted. Two 
hot spots were found that are characterized by high 
naphthalene concentrations and a high ratio (>1.5) of 
the low to the high molecular weight PAHs (LMW/ 
HMW: Phen+Ant+Pyr+Fluo/BaA+Chr+BbF+BkF+ 
BaP+DBA+BP+Ind>1; values lower than 1 indicating 
pyrolytic origin pollution) (Soclo et al., 2000). This 
dominance might be due to the petroleum origin of the 
PAHs in both samples. The ship traffic is relatively 
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high in this area and a potential source for these hot 
spots could be an oil spillage. Diesel oil consists of a 
large amount of naphthalene and its alkyl homo- 
logues, whereas the alkylated homologues dominate 
(Wang et al., 1999). It is necessary to analyze the 
alkylated naphthalene too for a further source inter- 
pretation. Nevertheless, the high LMW/HMW ratio 
supported the petrogenic source of the PAH contam- 
ination (Soclo et al., 2000). Petrogenic contamination 
is characterized by a predominance of lower molec- 
ular weight PAHs (Neff, 1979; Wise et al., 1988; 
Bernes, 1999), while the higher molecular PAHs 
dominate in pyrolytic PAH contamination distribution 
(Muel and Saguem, 1985). 

The PAH profile of the PB group is typical for the 
Oder River outflow with markedly high concentra- 
tions of pyrene and fluoranthene (Witt and Trost, 
1999). The high impact of riverine water is reflected 
by the high concentrations of nitrate and silicate, as 
well as by low temperature and very low salinity. The 
lower LMW/HMW ratios (<0.5) indicate the pyro- 
genic origin of the PAHs. 
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Fig. 4. Cluster tree diagram for the PAH data during February 1997, clustered on PAH distribution pattern, complete linkage cluster analysis. 
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Fig. 5. Division of the surface water of the Baltic Sea based on the results of the cluster analyses of the cruises in February 1997. 


The Mecklenburg Bight (MB) and the western part 
of the Arkona Sea also compose a separate group. The 
water body is marked by slightly elevated nitrate and 
silicate concentrations and the highest average surface 
water salinity of all regions (Table 3). The PAH 
concentrations were higher there than in the central 
Baltic Sea. The high concentrations are probably 
associated with municipal and industrial sewage efflu- 
ents via the river and the atmospheric inputs. The 
typical PAH profile could be a result of the influence 
of water exchange with the North Sea. 

The next regions distinguished by the cluster 
analysis cover a great part of the eastern (EZOS) 


and the western (WZOS) central Baltic Sea. Both 
regions have the lowest PAH concentrations and 
nearly the same hydrological and hydrochemical 
behavior. The low PAH concentrations might not be 
the result of a lower pollution but rather of a dilution 
of the PAH input due to the greater water volume 
compared to the western part of the Baltic. It is 
important to note that the clusters of the WZOS and 
EZOS are very different. The EZOS cluster first 
comes together with the PB and WZOS cluster with 
MB. The regional distinctions between eastern and 
western part are probably associated with the different 
catchment areas (Fig. 6). The drainage area of the 
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Table 3 

Mean PAH concentrations, hydrographical and hydrochemical parameter for each cluster (mean values + standard deviation) 

Group + x a A 
Temperature (°C) 0.4 + 0.2 1.1 + 0.3 2.4 + 0.3 2.0+ 0.5 
Salinity (psu) 6.9+ 0.1 14.4 + 1.6 172 £0.1 TITOS 
NO; (umol/1) 17.6 + 1.2 5.8 + 1.0 3.9 + 0.2 4.0 + 0.2 
PO, (umol/l) 0.8 + 0.1 0.5 + 0.0 0.5 0.1 0.4+ 0.1 
O, (cm*/dm) 9.74 0.1 9.0 + 0.2 9.0 + 0.1 9.10.1 
Silicate (mmol/l) 29.0 1.1 13.2+ 1.1 10.9 + 0.9 11.6 + 0.7 
POC (mol/l C) 25.3 + 0.1 16.0 + 3.8 6.51 + 0.6 99+ 4.3 
Naphthalene (Naph) 1510 + 190 1770 + 468 506 + 348 126 + 62 
Acenaphthene (Ace) 447 + 22 350 + 163 141 + 42 90 +26 
Fluorene (Fl) 1090 + 16 1260 + 219 455 + 114 295 + 93 
Phenanthrene (Phen) 914 + 107 1310 + 275 580 + 109 381 +70 
Anthracene (Ant) 84 + 96 57+ 12 3245 2724 11 
Fluoranthene (Fluo) 3930 + 355 2320 + 249 1950 + 517 1490 + 832 
Pyrene (Pyr) 2000 + 535 482 + 128 982 + 251 411 + 232 
Benzo(a)anthracene (BaA) 171+ 44 251 + 244 214+ 49 76 + 26 
Chrysene (Chr) 276 + 38 136 + 44 373 + 50 158 + 64 
Benzo(b)fluoranthene (BbF) 158 + 27 88 + 10 21523 100 +25 
Benzo(k)fluoranthene (BkF) 73+10 42+5 90+ 11 41+11 
Benzo(a)pyrene (BaP) 120+ 21 2949 55 + 18 19+4 
Dibenzo(a,h)anthracene (DBA) 1642 1514 9:43 542 
Benzo( g,h,i) perylene (BP) 121 + 74 46+ 19 92.2 + 26.1 42.6421 
Indeno(1,2,3-c,d)pyrene (Ind) 129+ 19 53419 88 + 16 48 +8 
Sum of 15 PAH 11,040 + 890 8220 + 860 5800 + 1290 3320 + 1270 


eastern central Baltic is characterized by a large 
number of industrial and municipal point sources 
and is mainly influenced by the input of large rivers 
that drain highly industrialized areas. Especially in 
Latvia, Estonia and Lithuania, a large number of 
active emission sources still exist. Fifty-six industrial 
and municipal hot spots were identified there (HEL- 
COM, 1996; Lozan et al., 1996). Similar point 
sources were also found in the drainage area of the 
Oder River. Compared to this situation, the countries 
that are situated in the northern and western drainage 
area of the Baltic Sea have developed an effective 
system of municipal and industrial waste treatment, 
which has reduced pollution during the last decades. 
There are no priority hot spots in the drainage area of 
the western Bornholm and Gotland Sea. The PAH 
profiles should therefore be a result of atmospheric 
inputs. 

During the other seasons, the regional differences 
identified by cluster analysis are not so clear. During 
the May cruises, the plankton bloom disturbed the 
pattern and none of the clusters present in February 
were found with the exception of the Oder River. 


An exception was May 1994. This might be a 
result of some smaller saltwater inflows (SWI) during 
January 1994. Increased PAH concentrations were 
found in the surface water of the stations (SWI) that 
are located along the path of the inflowing water 
(Fig. 7). 

The deeper basins (Arkona Basin, Bornholm 
Basin) function as a sink for particle-bound PAHs 
(Witt et al., 2001). During saltwater inflows, the 
bottom current velocities are much higher and inten- 
sive cycling can occur between the sediment surface 
and the overlying water column. As a result of these 
mixing processes, PAH-rich particles might be resus- 
pended and transported into the surface water as well 
as downstream towards the deeper depositional areas 
together with the inflowing water. The influence of 
the inflowing salt water was demonstrated by the 
higher salinity and oxygen contents on the SWI- 
cluster stations in Fig. 6. Compared to the other sea 
areas, the concentrations of pyrene and fluoranthene 
were up to a factor of 2 and above (mean concen- 
trations of fluoranthene 1900 pg/l, pyrene 2300 pg/l). 
Similar effects were observed in the deep water of 
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Status of Hot spot activities 


@ Removed 


t ) Activity ongoing 


Waste Management O No activity 


Coastal Lagoon O Information not received 


Fig. 6. Catchment area and single pollution sources to the Baltic Sea identified in the Joint Comprehensive Program (JCP) of the Helsinki 
Commission. 
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May 94 


x Arkona Sea (AS) 

+ Pomeranian Bight (PB) 

E Central Baltic Sea (ZOS) 

A Effects of the Salt Water Inflow 


latitude °N 


12.00 14.00 16.00 


18.00 20.00 22.00 24.00 26.00 


longitude °E 


Fig. 7. Division of the surface water of the Baltic Sea based on the results of the cluster analyses of the cruises in May 1994 after the saltwater 


inflows. 


the Bornholm and Gotland Basin (Witt and Mat- 
thaus, 2001). In the central Baltic Sea, the inflowing 
water can only renew the deep water because of the 
strong stratification between the surface water and 
the deep water. That is why elevated concentrations 
in the surface water of the central Baltic did not 
occur. 

In August, when the PAH concentrations were 
typically very low, only two main clusters were found 
(Fig. 8). The first region (MB + AS) lies in the western 
part of the Baltic and has elevated phenanthrene 
concentrations, as explained before. The second 


region covers the Arkona Sea and the central Baltic 
Sea (ZOS+AS). As described above, the heavy 
sedimentation of dead planktonic particles after the 
bloom might be responsible for the purging of the 
water column. One hot spot (St. 213) with very high 
naphthalene, fluoranthene and pyrene concentrations 
was identified. 


3.4. PAH inventory 


With the help of the cluster analyses, the PAH 
balance of the surface water of selected sea areas was 
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August 96 


@ hot spot 

a Mecklenburg Bight (MB) 
+ Arkona Sea (AS) 

m Central Baltic Sea (ZOS) 
+ Arkona Sea (AS) 


latitude °N 


12.00 14.00 16.00 


18.00 20.00 22.00 24.00 26.00 


longitude °E 


Fig. 8. Division of the surface water of the Baltic Sea based on the results of the cluster analyses of the cruises in August 1996. 


estimated for February. The borders of the key areas 
are given in Fig. la. The mean concentrations at the 
different stations of all February cruises were used. 
The cluster analysis cruises have separated the same 
four main clusters like the analyses of February 1997. 

It was assumed that the distribution of PAHs in the 
surface water is nearly uniform in winter (35). We 
calculated the volume of the key areas on the basis of 
the digital bathymetric data set of the Baltic Sea at the 
Institute of Baltic Sea Research Warnemiinde (Seifert 
and Kayser, 1995). In sea areas with a permanent 
halocline (eastern and western Gotland Sea), the depth 
of the surface water was defined as 70 m on the basis 


of the average depth of the halocline during February. 
Table 4 shows the results of the calculations. The 
results are useful to estimate the annual accumulation 
of PAHs in the sediments. 


3.5. Comparison of the Baltic Sea PAH concentrations 
with other sea areas 


Due to the restricted water exchange with more 
open sea areas (it takes roughly 25 years for the water 
of the Baltic to be completely renewed) and the 
extensive drainage area of the Baltic Sea with more 
than 85 million inhabitants, the Baltic Sea has become 
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Table 4 
Mass balance of PAHs in Baltic surface water in February 1997 of different sea areas 
Area PB (kg) MB (kg) EZOS (kg) WZOS (kg) 

Mean STDWN Mean STDWN Mean STDWN Mean STDWN 
Volume (1) 9.8e° 3 1.3e*'4 4.53e* "5 4.5e* "5 
Naph 172 46 200 25 2550 1510 521 284 
Ace 34 16 59 3 674 180 403 111 
Fl 123 21 145 2 2120 518 1370 404 
Phen 128 27 121 14 2530 450 1950 623 
Ant 6 1 11 1 149 24 124 50 
Fluo 227 24 522 47 9400 1910 6400 3580 
Pyr 47 13 265 71 4750 981 1880 981 
BaA 24 24 23 6 1020 201 376 136 
Chr 13 4 37 5 1760 140 772 297 
BbF 8 1 21 4 1010 74 491 139 
BkF 4 1 10 1 425 34 199 57 
BaP 3 1 16 3 274 62 86.4 19 
DBA 1 1 2 0 47 9 23.3 9 
BP 4 2 16 10 439 115 198 94 
Ind 5 2 17 3 426 33.8 216 35 
“PAHs 804 84 1470 118 27,600 4970 15,000 5400 


PB: Pomeranian Bight, MB: Mecklenburg Bight, ECBS: Eastern Central Baltic Sea, WCBS: Western Central Baltic Sea. 


a sink for very large portions of persistent organic size. To prove this hypothesis, the PAH concentrations 
pollutants. As a result, the Baltic Sea should be more in the water column were compared with those 
heavily polluted than other sea areas of comparable reported previously in other sea areas (Table 5). It 
Table 5 
Reported PAH concentrations in the particulate and dissolved phase of seawater in different areas of the world (pg/l); mean values in bracket 
Area Concentration (pg/l) Reference 
Dissolved (mean) Particulate (mean) Sum (mean) 
Western Mediterranean Sea 400-900 (653) 200-800 (525) 600-1700 (1178) Dachs et al, 1997 
Rhone Estuary 4300- 120,000 1100—19,000 5400- 13,900 Bouloubassi and Saliot, 1991, 1993 
Agean Sea 110-500 (177) 80-300 (216) 190-3500 (393) Maldonado et al., 1999 
(Eastern Mediterranean) 
Black Sea 50-300 500 50-800 Maldonado et al., 1999 
Danube Estuary 183-214 130-1250 323-1464 
Dnieper and Dniester Estuary 106 43-1397 149-1503 
Lake Superior x 752 * Baker et al., 1991 
Northern Atlantic <0.5—6.5 2.1-18 2-20 Schulz-Bull et al., 1998 
Chesapeake Bay Estuaries 1800—23,400 (8330) 3200—43,200 (14,710) 5000—66,600 (23,040) Gustafson and Dickhut, 1997 
English Channel 400-600 200-600 600-1200 Fernandes et al., 1997 
Open North Sea x = 600-3500 Witt, 1995a,b 
n.d.—1500 Law et al., 1997 
Central Baltic Sea 49—258 (193) 300-594 (526) 349-852 (719) Broman et al., 1996 
Baltic Sea hi * 700-— 16,600 This work 
Mecklenburg Bight * = 1132—12,790 (10,350) 
Pomeranian Bight * * 1600- 12,050 (6770) 
Arkona Sea x * 1460- 16,030 (9030) 
Central Baltic Sea * * 727—4320 (3860) 
Gulf of Bothnia * * 1600-3820 (1580) 
Gulf of Finland * * 1490—4230 (2820) 


*: data not available; n.d.: not detected. 
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was difficult to compare the PAH concentrations 
because the authors have measured different individ- 
ual PAHs. Even so, it is safe to say that the concen- 
tration of PAHs in the Baltic Sea water is higher than 
in the North Sea and much higher than in the North 
Atlantic Ocean. The interchange of the North Sea with 
the world oceans is far more efficient than in the case 
of the Baltic Sea (it takes only 3 years to renew the 
water). The concentrations are also higher than in 
other seas with limited water exchange (Black Sea, 
Mediterranean Sea). In fact, the Mediterranean Sea 
clearly has a higher residence time of water (roughly 
80 years) but water depth and area are much higher 
than in the Baltic Sea. As a result, the pollutants that 
entered the Mediterranean Sea are more likely effi- 
ciently diluted. Such dilution gradients were observed 
in the Rhone Estuary (Bouloubassi and Saliot, 1991, 
1993). 

In fact, only a few other seas of comparable size and 
characteristic are as heavily polluted with PAHs as the 
Baltic Sea. Concentrations of PAHs in higher polluted 
estuaries like the Dniester and Dnieper Estuaries and 
the Rhone Estuary are similar to those of the Baltic Sea 
or higher in the case of Chesapeake Bay. As a 
conclusion of this comparison, the Baltic Sea can be 
regarded as a medium PAH-polluted sea area. 


4. Conclusions 


This study has provided the most comprehensive 
information available to date for PAHs in seawater of 
the whole Baltic Sea during different seasons. 
Although the data set is very extensive, the data 
interpretation is primary and for some aspects limited. 
A more detailed interpretation of the sources of the 
PAHs in different water bodies of the Baltic Sea can 
be achieved by studying the dissolved and the partic- 
ulate phase separately. During the time of our studies, 
a sampling system, which allowed the separate anal- 
ysis of PAHs in solution and suspension, was not 
available. In 1997, we started using an in situ filtra- 
tion/extraction system (Petrick et al., 1996) to elimi- 
nate this major deficiency in our sampling procedure. 
To study the source in more detail, it is also necessary 
to analyze the alkylated PAHs besides the parent 
PAHs especially to distinguish between petrogenic 
and pyrogenic PAH sources. However, our investiga- 


tions form the basis for future studies of the impact of 
different PAH sources in the catchment area of the 
Baltic Sea. 
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